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ABSTRACT

The effect o f annealing cycle on the microstructure, mechanical properties and
drawability o f aluminium killed steel sheets at three different heating rates and
different holding times were studied using tensile test, hardness test, optical
microscope and transmission electron microscope techniques. The results o f sample
for different times in laboratory experiments

were compared with production

samples. The results for these experiments showed that at lower heating rates (1 2
°C/h ) recrystallization occurred at a lower annealing temperature. This effect is
attributable to the longer time available to initiate nucleation at the lowest heating
rate. However, for all three heating rates (1 2 °C/h, 24 °C/h and 36 °C/h ), the
aluminium and nitrogen combine to form atmospheres or pre-precipitation clusters
at polygonized subgrains and as rolled boundaries, modifying the development o f
the recrystallized structure. Different amounts o f AIN were precipitated prior to
re crystallization for each heating rate resulting in different final recrystallized grain
sizes, mechanical properties and drawabilities. The heating rate strongly influences
recrystallization with a lower heating rate reducing both the temperature o f the start
o f recrystallization and the recrystallized grain size. It is inferred that the lower rate
promotes nucleation o f recrystallization over growth o f recrystallized.
The effect o f holding time on mechanical properties was to : (i) decrease tensile
strength, yield strength and hardness and (ii) increase elongation and grain size.
Tensile strength and hardness results from laboratory experiments were lower than
those for production samples, but the trends were similar. The curve o f yield strength
from the production samples was however sharper than for the laboratory samples.
Holding times that produced the coarsest grain size also resulted in the lowest yield
strength, tensile strength and hardness.
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CHAPTER 1. INTRODUCTION

PT. Krakatau Steel has produced cold rolled carbon steel sheet of commercial quality
in Indonesia since 1987 with most of the product being supplied to the domestic
market and some being exported.
To fulfil customer demand in relation to quality, investigations are useful to determine
the drawability characteristics of cold rolled steel sheet as a function of the batch
annealing condition. Batch annealing typically consists of heating at an approximately
constant rate, to a holding or soaking temperature below the A cl temperature.
There are five major steps in the manufacturing of cold rolled and annealed sheet
steels for extra deep drawing, as measured by the normal anisotropy (r-value). This
property strongly controls the ability of the material to be deep-drawn into a flatbottomed cup, and the strain hardening exponent (n-value) determines the ability of
the material to be stretched.
The first step is steel melting and casting, which includes control of elements in
charging, such as copper, chromium, nickel, tungsten and eliminating as much as
possible harmful

elements such as sulphur. An increase in

decrease the r - value and

carbon content will

excessive levels of impurities such as N 2, O 2, and

inclusions including AI2O 3 and Si02 will also decrease the r-value. Therefore, close
composition control is required.
The next step is hot rolling practice control. A high finishing temperature will increase
the r - value for Al-killed steel, because a high finishing temperature produces a more
favorable annealed texture of cube-on comer rather than a cube - on face.
The most important step for Alumunium killed steels is coiling practice , a lower
coiling temperature leads to higher r - value because ALN is retained in solution in
ferrite and can precipitate out on annealing after cold working with an increase in
{111} grain orientation at the expense of {100} grain. The r-value therefore becomes
higher if the coiling temperature is low (<600°C).
1

2

In the third step of cold rolling , the major variable is the reduction ratio, with the
optimum r-value being obtained on annealing following a reduction ratio of 60% 70%.
The fourth step of batch annealing includes the rate of heating to the annealing
temperature, the temperature and time of the hold. In alumunium killed steels the
response to annealing varies with the alumunium content

the r-value decreases

monotonically with heating rate in the case of low carbon rimmed steel, but as the A1
content becomes higher, a peak r-value appears. The final step is extension in the skin
pass mill, which is important for stretching in the forming of cold rolled steel .To
obtain more detailed information about mechanism of increase in the n and r - value,
a laboratory scale tube furnace was used.
Samples investigated were 240 mm X 33 mm X 1.2 mm. The samples were heated for
different heating times and at different

heating rates.After heat treatment, each

sample was investigated by optical microscopy to determine the volume fraction of
recrystallized grains, the ferrite grain size, and extent of recrystallization. Transmisión
electron microscopy was used to detect

precipitation of aluminium nitride and

observation of the structures associated with recovery, recrystallization and grain
growth . The mechanical properties were investigated by tensile testing and also
hardness testing.

CHAPTER 2. LOW CARBON STEEL
2.1. Introduction

Low carbon steel is one of the most important products of the steel industry today.
It is of primary importance because no other commercial material can offer, at low
cost, properties such as relatively high strength , the ability to be readily formed at
high production rates into various shapes, attractive surface finish, and good
weldability. An important requirement for many applications involving sheet steel is,
of course, good formability and the most common sheet forming method is press
forming. In general, two principal types of deformation modes are encountered in a
practical press forming operation, namely stretch forming and deep drawing. The nvalue, the strain hardening coefficient is important, particulary for stretch forming
operations. In commercial low carbon steels, n-value increases as the grain size
increases, with a limiting value of approximately ASTM 6. Coarser grain sizes lead to
orange peeling and poor surface finish. The r-value

or plastic strain ratio, which

relates to deep drawability, on the other hand can be considerably increased by small
changes in composition. This has led to a major research interest on the control of r
values in cold rolled steels. The parameter r -value was originally by Lankford et al
( 1,2) and was defined as ratio of true strains in the width and thickness directions
during plastic extension in tensile test.
r = w/ t = In ( W o /W f ) / In ( to/tf )

(1 )

where Wo and to are the initial and Wf and tf the final width and thickness. The r value

can

be

understood

as

a

measure

of

the

resistance

to

thinning.

Recommendations for testing procedures for r-value are set out by the International
Deep Drawing research group.

3
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Tensile samples for r value measurement are usually taken at 0 °, 45 °, 90 ° to rolling
direction. The average r-value r is a measure of normal anisotropy, *r and expressed
as :
r = ( r o + 2r 45 + r 9o )/4

(2)

where r 0 is the value measured in the direction parallel to original rolling direction
of the sheet, r 45 at 45 ° to this direction and r 90 at
High

90 ° to rolling direction.

normal anisotropy, r , is required for good deep drawability, as explained

below. In general ro, r 45 and r 90 are different, giving rise to planar anisotropy
which , as it is well known, leads to the formation of ears when deep drawing a
circular cross section pressing. Planar anisotropy was originally denoted by the
symbol À r is expressed as
A r = ( r 0 - 2 r45 + r 90 ) / 2

(3 )

Brammar, et al (2) reported methods of controlling r-value. Five major steps in the
manufacture of cold rolled and annealed sheet steel for forming operation are given in
Table 2.1

Table 2.1. The major steps in the manufacture of deep drawing steel.

Sleelmaking Process
(1) Slecl melting and casting

(2) Hoi rolling
(3) Cold rolling
(4) Annealing

(5) Temper rolling

Major Variables
(I) Alloying elements
(2) Level of impurities such ns N*
and Ot
(3) Inclusions
(1) Finishing temperature
(2) Coiling temperature
(I) 9e of cold reduction
(1) Rate of beating to annealing
temperature
(2) Annealing temperature
(3) Time al temperature
(I) % reduction

Variables which Can Ailed
r VnJucs <
y

•

■ 't

V
J

V
V
y
j
j

X
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2. HOT ROLLING CONDITION.

Here two factors are important, namely, the finishing temperature and the coiling
temperature. For practically all types of deep drawing steels it is required to finish
rolling before the austenite to ferrite transformation takes place. In other words, a
microstructure with deformed ferrite is undesirable. This necessitates a high finishing
temperature. Goodman at al ( 3 ) investigated the effects of various finishing
temperatures. Above 925 ° C the microstructures were uniform

through the cross

section consisting of fine equiaxed grains with pearlite at triple points.
Below 900 °C the structure was non uniform with both fine and larger elongated
grains due to the close proximity of the transformation temperature and the formation
of pro-eutectoid ferrite, which would grow rapidly. These workers (3) also showed
that the hot rolling texture varied widely with rolhng temperature, with a subsequent
effect on the cold rolled and annealing texture. Rolling above 925 °C produced a
nearly

random

texture and optimum r value.

As far as coiling temperature is

concerned, it is particularly critical for aluminium killed steels. For high r-value, a
practice called coiling cold has been found to be necessary. This consists of cooling
the hot rolled coil rapidly from the finishing temperature to about 550 - 620 °C before
coiling. It is generally held that such a procedure largely prevents the precipitation of
AIN, which should remain in solid solution hence able to exert an influence in later
stages during annealing for the development of the desired { 1 1 1 } type textured ( 4

8) Beeghly (9) recently reported a sound and reproducible method for determining
aluminium nitride, and demonstrated that the amount present varied with the heat
treatment received by the sample before analysis. Hot rolled, Al-killed steel samples
were shown to contain different amounts of aluminium nitride if reheated 1 hr at
various temperatures. His data are plotted in Fig 2.1. As hot rolled, the amount of

6

nitrogen combined as aluminium nitride is low, but as the annealing temperature
increase to a maximum in temperature range from about 700 °C to 980 °C. At
temperature above 980 °C, the amount decreased until about 1290 °C no more was
present than in the original hot rolled bar. This indicates that aluminium nitride is held
in supersaturated solution in hot rolled samples. If the samples are re-heated the
aluminium nitride precipitates up to a maximum amount at 700 °C to 980 °C and at
higher temperature it re-dissolves.

Fig. 2.1. Aluminium nitride % as a function of temperature (9).

7

2.3. c o r n

rolling condition .

2 .3 .1 . The deformed State.

Deformation in polycrystalline iron takes place in several slip directions on many slip
planes and leads to the formation of dislocation tangles that eventually delineate
deformation cell walls. Electron microscope observations have shown that the cells
become elongated in the rolling direction and the cell walls become thicker as
deformation continues to increase (10). After 50 to 90 % deformation the dislocation
density is of the order

1011

- 10 12

/sq cm and the cells are elongated. To

determine the cell misorientation as a measure of stored energy, that the order of
decreasing stored energy for various oriented subgrain is ( 110)>( 111)>(211)>( 100).
Such an orientation dependence of stored energy has an influence on the development
of recrystallization textures since the highest energy regions recover and recrystallize
first, to become low energy

regions, which will then be able to consume region

around them (3).
Using transmission electron microscope, Goodenow (11) observed Al-killed steel and
rimmed steel. He found two types of cells after 50 % reduction. The largest group
consisted of small cells in the range 0.5 to 1.0 Jim in diameter; these cells were slighly
elongated and arranged in parallel rows. In both groups, the cell boundaries were
quite broad and contained a considerably higher density of dislocations than that
observed in the interior of cells. The cells adjacent to grain boundaries were slightly
smaller than those observed within the grains and also appeared to contain a larger
density of dislocations. Goodman and Hu (4) found a dependence of the deformation
texture on the prior hot rolling temperature. For a given cold reduction, the intensity
of the (200) reflection decreased rapidly, ( 112) decreased slowly and (222) increased

8

rapidly with increasing rolling temperature. Generally, the deformation texture has

{100 }<011>, {211 } < 011> and {111 } < 112> components and becomes sharper
with increasing levels of reduction. The deep drawability of cold rolled sheets depends
considerably upon the cold reduction and

rolling lubrication (6). This effect is

illustrated in Fig. 2.2. The r-value rises with an increase in cold reduction and reaches
a maximum before decreasing. If the cold reduction is kept constant, the r-value is
higher for improved lubricating condition. The r-value shows its maximum at higher
cold reduction when the lubrication ability in rolling is more effective, the optimum
reduction is about 50 % for non-lubrication rolling, about 60 % for water-lubrication
rolling, and about 80 % for water soluble oil lubrication rolling. In oil lubrication
rolling, the crystallographic orientation throughout the thickness of the sheet is
substantially homogeneous, and the change in the texture with the cold reduction
agrees with changes in r-value as shown in Fig 2.3. Non-lubrication rolling results in
inhomogeneous deformation : even after annealing, the surface layer contains more
{110} grain and less {111} and <100> grains than in the centre layer. This effect may
be due to the difference in crystal rotation between surface and centre layer as a
result of poor lubrication during rolling (6) .

- Soluble oil
Water
— V — V — Non-lubr.

~~OTAnn ! 700*C 0.7
X 5 hr 0 6
p fo A.x ,\
A *P
d A£ 'A
'4

A'

0.5
04

Average Strain R a tio ,

Q 3
~ v

0 2

'

1 .4

O

1.3

0

1.2

I

V ariation in S train R atio, A r
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— 4---4
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Fig. 2.2. Effect of lubrication and cold reduction on r-value of rimmed steel (6).
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60
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Fig. 2.3. Relationship between the change in r-value with cold reduction and the
change in the annealing texture as a function of cold reduction of
aluminium killed steel (5).

II

2. 3 ,2 . Recovery and Recrvstallization.

When cold rolled sheet steel is annealed, the dislocation density

is markedly

diminished and the preferred orientation changes from that of the cold rolled
condition.

This

transformation

takes

place

in

two

stages:

recovery

and

recrystallization. In the recovery stage, the steel reverts to a condition in which the
mechanical and physical properties tend toward the undeformed state, but there are no
major changes in preferred orientation. In recrystallization , the properties of the
undeformed state are attained and there is also a change in preferred orientation ( 10).
Recovery itself consists of progression of changes. In the early stages there is change
in electrical properties but no observable change in microstructure or mechanical
properties. As recovery proceeds there is a decrease in dislocation density. At the
same time, a dislocation network of subgrains is formed and the strength decreases.
Subgrains have low angle boundaries made up of low energy dislocation arrays rather
than dislocation tangles as in the deformed material (15). After the dislocation
rearrangement is complete, the cell size increases by either a process of subgrain
boundary migration (16) or coalescence (17). Michalak and Paxton (18) have shown
that the activation energy for the very early recovery stage is the same as that for
vacancy migration, which would account for the change in electrical properties. On
the other hand, the later stage has an activation energy similar to that of self diffusion
of iron, a finding that agrees with the fact that during the early stage of recovery the
electrical properties change but the dislocation arrangement does not change
significantly. Subgrains in the fully recovered structure are separated by low energy
boundaries. A typical misorientation between any two adjacent subgrains is about 2° ,
but across any one grain the total misorientation of subgrains may be high as 10° to
20° (16).

During the later stage of recovery, subgrain growth takes place either

through isolated subgrains growing at the expense of their neighbours or by coales-

3 0009 03143423 1
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cence of two or more subgrains. The new subgrain boundaries are higher angle,
higher energy boundaries than those present before such growth. However, the total
boundary area and dislocation density have decreased, and the associated decrease in
bulk free energy, minus the increase in surface free energy resulting from the
formation of these higher angle boundaries , is the driving force for subgrain growth.
The subgrains slowly increase in size until they have mobile high angle boundaries,
and at this point they can act as the nuclei of recrystallized grains. The period during
which this growth or coalescence occurs corresponds to the incubation period for
recrystallization. Recrystallization starts when subgrains with high angle boundaries
begin to grow at the expense of neighbours to form new grains that are relatively free
of substructure.
Jolley ( 8) found that recovery (i.e. polygonization and cell formation) started in Alkilled steel and rimmed steel after about 11 1/2 hours and the attainment of 430°C on
batch annealing. However, coalescence of subgrains and subsequent growth

were

more rapid in the rimmed steel. The grain elongation of the recrystallized grains in
killed steel was measured at various times after complete recrystallization : after 48
hours it was 1.5 : 1 and after 60 hours it was 1.3 : 1. Extraction replicas from the box
annealed killed steel showed that small aluminium nitride particles could be first
observed in isolated areas after 35 hours. These precipitates appeared to lie in
stringers, and this was confirmed by examination of specimens annealed for 60 hours
( Fig. 2.4 ). The aluminium nitride precipitates, identified by their characteristic rod
like appearance and by the electron difraction patterns, form networks with the same
shape and dimensions as the as-rolled grains ( Fig 2.4 and 2.5 ). No precipitates could
be detected for times shorter than 35 hours, but after 35 hours ( Fig. 2.6 ), the killed
steel was completely recrystallized. Thus, it is before observable precipitation that
recrystallization occurs. The chemical analysis data tend to agree

with the replica

results in that aluminium nitride can be detected chemically in measurable amounts

13
only after 22-35 hours. Since aluminium nitride was not observed on extraction
replicas until 35 hours, it appears that chemical analysis is a slightly more sensitive
technique for determining the presence of aluminium nitride in box annealed killed
steels. It is obvious that the recrystallization process is almost complete before any
precipitate is detectable. As seen in Fig.2.6 from Jolley (8) the intensity of the {111}
pole (determined from the inverse pole figure), was greater in the killed steel for all
conditions than for the rimmed steel. The {111} intensity increased rapidly as
recrystallization progressed in the killed steel, and, even after recrystallization, there
was a continuous increase with grain growth. On the other hand, the {111} intensity
in the rimmed steel did not increase markedly, although the {100} intensity decreases
in Al-killed steel and rimmed steel during recrystallization. The drop, however, was
greater in the aluminium killed than in the rimmed steel.

Fig. 2. 4. Carbon extraction replica from fully recrystallized aluminium killed steel
after 60 h of box annealing .Aluminium nitride precipitates delineate the
former as rolled grain boundaries (8).
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Fig. 2. 5. Carbon extraction replica o f unrecrystallized aluminium
killed steel showing the shape and size of as rolled grains (8).
2-0

1-5

UJ
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Ò
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Fig.2 . 6 . Change in temperature, yield strees, r-value, { 1 1 1 } and < 100 > inverse
pole figure intensity, grain size and aluminium nitride content for box
annealed, Al-killed and rimmed steels as a function o f heating time (8).
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Using replicas Michalak et al (12) observed that segregation of aluminium and
nitrogen to subgrain boundaries inhibits the final stage of recovery, that is, subgrain
growth. A number of investigations ( 8,13,14) have reported that complete
recrystallization of aluminium killed steel to elongated grain structure was obtained
without appreciable precipitation of AIN as determined by chemical analysis. After
simulated box annealing and holding 16 hours at 690 °C Michalak et al (12) found
fewer and smaller particles at old boundary positions for low, as opposed to high AIN
material (12). The model proposed by Jolley (8) to account for the observed network
of AIN precipitates can not be applied generally since the recrystallized grains with
pancake shapes cross several cold worked grain boundaries prior to any observed
precipitation. The lack of appreciable precipitation of AIN, detectable either by
chemical analysis or by extraction, in the just completely recrystallized condition
suggests two possibilities : first, that no significant degree of precipitation of AIN
occurs during the course of recrystallization, or second, that precipitation occurs at
the cold worked grain and subgrain boundaries, but the size of the AIN precipitates is
too fine to be detected by conventional techniques. Goodenow (11) has recorded the
variation in subgrain structure as recrystallization proceeds, by using transmission
electron microscopy. Since the cold rolled structure is heterogeneous, the recovered
structure is also heterogeneous. Larger subgrains form from areas which contain
larger random cells and smaller, clearly defined subgrains form from small elongated
cells. According to Goodenow, growth occurs by migration of low angle boundaries
between the subgrains and also by subgrain coalescence. Subgrain coalescence in the
region of a high angle boundary appears to be responsible for most of the nucleation.
A recrystallized grain is produced by the growth of large subgrain with a mobile high
angle boundary. Growth then occurs by migration of the high angle boundary until the
grain impinges on another recrystallized grain or the boundary is halted by interaction
with precipitate particles.

i6

2. 3. 3. Annealing cycle.

The rate of heating to the annealing temperature is of particular importance to

r

values in aluminium killed steels. With the slow heating rates, e.g 25 ° C/ h, which are
characteristic of batch coil annealing, r -values of 1.5- 1.9 are obtained. With rapid
continuous anneals, the r value is likely to be only equivalent to that of capped steels,
e.g. 1.1-1.3. A slow heating rate appears to be necessary through the recovery range
just prior to recrystallization in order to obtain a high r-value. The slow rate is
believed to allow time for precipitation or clusters of AIN to form prior to
recrystallization and thereby pin subgrain boundaries. Slowing down the rate of
subgrain growth apparently affects the relative growth rate of differently oriented
subgrains, and the higher energy { 111} type orientations grow at the expense of low
energy types such as { 100 } (2). For all drawing grade steel types , grain growth
subsequent to recrystallization results in some improvement in r -value, and for any
one steel a correlation between grain size and r-value can be established. Thus, for any
steel, increasing the maximum annealing temperature and time and decreasing the
heating rate results in an increase in r-value, because the volume fraction of { 111}
type grain is increased during subsequent grain growth (2). The relation between the
heating rate and r-value is shown in Fig. 2. 7. According to this figure, the r value
almost linearly decreases with increase in the heating rate in low carbon rimmed steel.
In low carbon Al- killed steel, the tendency varies with the amount of Al: for a low A1
content, the r- value decreases monotonically as in the case of low carbon rimmed
steel, but as the Al content becomes higher, a peak r-value appears and the heating
rate corresponding to the peak moves upwards with an increase in Al content. This
observation implies that when precipitation of AIN and nucléation of recrystallization
take piece simultaneously in Al killed steel, many {111} grains are produced and the

17
r value becomes higher.

A recent paper (6) has reported that the heating rate

corresponding to the maximum r-value varies not only with the A1 content but also
with the N and Mn content and the cold reduction .

1.8
1 .6
1.4
'

1.2
1.8
1.6
1.4 ♦

Htoting Rat«,C/|v
( by Shimizu
Fig 2. 7. Effect of heating rate and A1 content on r- value (6).

o l)

i8
Figure. 2. 8. shows changes in r-value with the annealing temperature. An increasing
annealing temperature leads to an increase in r value, but it decreases suddenly at
temperatures above 880 °C, due to the development of random texture caused by
transformation of gamma to alpha iron. Increases in r-value are a result of increase of
{111} and decrease of {100} grains , since the growth of {111} grains is achieved by
the expense of {100} grains (6).

A (wealing Temp.* #C
( by Tak«chi )

Fig 2. 8. Effect of annealing temperature on r value (6).
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2. 3. 4. Influence of AIN precipitated on recrvstallization.

By increasing the time and temperature of pre-recrystallization anneal, and hence the
amount of AIN precipitated. Goodenow (11) observed that elongation of the
recrystallized grains

increased. Precipitation of AIN occurred throughout the

annealing process and the extent of precipitation was determined by standard ana
lytical techniques, which are said to account only for precipitate particles greater than
about 200 A (13). Precipitation of AIN increased with time at temperature in the
manner shown in Fig. 2. 9. and is typical of precipitation from supersaturated solid
solution. The maximum rate reportedly occurs around 816°C (11, 13 ). In order to
compare AIN precipitation and the recrystallized process , several AIN contents were
examined. The precipitation

C-curves are superimposed on the time-temperature

recrystallization diagram for the killed steel, Fig. 2. 10. The "C" curves for AIN
precipitation intersect the recrystallization curve at low temperatures where
recrystallization is retarded. Also an inflection point is present in the "C" curves at
about 593 °C, indicating a slight increase in the rate of precipitation occurred at lower
temperatures compared to extrapolation from above 593 °C. Since the AIN content
measured was only for particle size greater than 200 A, extensive precipitation of
smaller particles was likely present at the levels indicated and also at much shorter
time, that is , even during the early stages of recovery and polygonization at low
temperatures. Thus, the cold worked structure increased the rate of precipitation of
AIN and retarded the process of recrystallization.
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Fig.

2.

9.

Effect of time at various temperatures on the
nitrogen precipitated as AIN in an Al-killed steel (11).
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2. 10. TTT diagram for the precipitation of AIN combined with the
recrystallization diagram for Al-killed steel annealed isothermally in
salt (11).
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Upon isothermal annealing at temperatures above 593 ° C, complete recrystallization
occurred prior to an appreciable degree of precipitation. In the temperature interval
between 538 °C and 593 °C

an effective amount of AIN formed after recrystalliza

tion was well advanced and only the end of recrystallization was severely retarded.
Below

524 °C, the most effective precipitation occurred well in advance of the

normal time for the start of recrystallization,

and

subsequently

prevented

recrystallization. The inhibiting effect of AIN on recrystallization in the killed steel
was examined by employing a two-stage isothermal anneal involving an initial heat
treatment below 524 ° C followed by upquench to 704 ° C.

Recrystallization

occurred at 704 ° C, but the time to the onset and completion of recrystallization in
creased with increasing time at the initial treatment temperature. The results of the
510 °C treatment are presented in Fig 2. 11.

0.05

0.1

0.5

1.0

T IM E AT T E M P E R A TU R E , (Min.)

Fig. 2. 11. Effect of preheating time at 510 °C on isothermal recrystalization of A1
killed steel at 704°C (11).

22
As well as decreasing the nucleation rate and number of nuclei the AIN also
creates a barrier effect on the growth of recrystallized grains (3). However, Michalak
and Schoone (12) believe that the particles are not a strong barrier to boundary
migration as they observed elongated recrystallized grains which had grown across
several cold worked grain boundaries. This observation is inconsistent with a
mechanism proposed by Jolley ( 8), to account for the elongated grain shape. Jolley
proposed that when subgrain coalescence or growth eventually occurs, the pre
precipitation clusters exert a drag on the migrating boundary, thereby decreasing the
recrystallization rate. As the recrystallized grain grows, the boundary sweeps up the
aluminium and nitrogen at the subgrain boundaries. The difference in the preferred
orientation produced in a killed steel, as compared to a rimmed steel, is probably due
to the aluminium and nitrogen having a stronger retarding effect on the migration rate
of unfavourably oriented grains, such as { 100} grains, than on favourably oriented
{111}grains. Jolley explained the production of elongated grains by such an impurity
drag model. As the recrystallization nuclei begin to grow they are slowed down by
the increasing amount of aluminium and nitrogen being swept up by the migrating
boundary. Eventually the recrystallized grains will reach the as -rolled grain boundary
where there is already a high concentration of aluminium and nitrogen. The impurity
drag will now be strong enough to stop the boundary movement and growth will be
able to occur in a longitudinal direction only, with respect to the as rolled grains. Such
a process is shown schematically in Fig. 2.12.
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m recrystalliied area first grows as equiased grain; alum'n.um and njtro^
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Fig 2. 12. Schematic representation of the formation of elongated grains during box
annealing of Al-killed steel. Line thickness represents level of aluminium
and nitrogen concentration (8).
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Dunne and Dunlea (19) observed development of elongated recrystallized grains on
simulated box annealing of Al-killed steel. Precipitates of AIN are responsible for the
development of the elongated grain structure by providing barriers that vary in density
along different direction in the sheet. This conclusion

is based largely on the

presence, after recrystallization, of layers of AIN precipitates lying along prior
subgrain and grain boundaries. No observations have been reported of AIN precipi
tates interacting with moving grain boundaries during the course of recrystallization,
but it is possible that precipitates are too small at this stage for detection. Assuming
that precipitates do provide bariers, the grain shape anisotropy will be influenced by
the distribution and potency of these precipitates, acting as barriers to both nucleation
and growth of recrystallized grains. The close correlation found by Dunne and Dunlea
(19) between the grain shape anisotropies before and after recrystallization supports
the proposal that precipitates lying along the deformed grain boundaries provide the
major barrier to growth of the recrystallized grains and effectively control the final
shape anisotropy. However, another factor that must be considered is the number of
nuclei activated during recrystallization. It is to be expected that the recrystallized
grain anisotropy will be higher the smaller the number of nuclei activated during
recrystallization. Moreover, it is observed that, if the deformed grain anisotropy is
kept constant, conditions that favour a smaller number of nuclei (a larger
recrystallized grain volume) will increase the anisotropy of the recrystallized grains.
This effect is illustrated in Fig 2. 13 with data of Goodenow (11) for isothermal
recrystallization of 50 % cold rolled aluminium killed steel at 705°C, after recovery
treatment for various times at 510°C. With increased holding time at 510°C more
pronounced clustering or precipitation of AIN occurred at subgrain and grain
boundaries, severely retarding nucleation during subsequent recrystallization at the
higher temperature. Fig 2. 13. shows the variation of elongation ratio with average
grain volume for two treatments :(a) batch anneal - varying deformed grain anisotropy
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(curve A) and (b) two stage isothermal anneal- constant deformed grain anisotropy
(curve B). Curve B indicates that the elongation ratio increases as the grain volume
increases, whereas curve A shows an increase in elongation ratio with decreasing
grain volume. In the latter case the increase in deformed grain anisotropy with
increasing reduction causes an increase in recrystallized grain anisotropy, despite the
larger number of nuclei activited. Therefore, the deformed grain anisotropy has a
more marked effect than nucleation frequency in determining the shape of
recrystallized grains in batch annealed aluminium killed steels.

Fig. 2. 13. Elongation ratio as a function of average grain volume for two heat
treatment :
A - batch anneal.
B - Two stage isothermal anneal (19).
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2.4 .SUM M ARY

The development of formability of low carbon aluminium killed steels depends on the
following : 1. alloying elements, impurities and inclusions in steel making, 2. finishing
and coiling temperature. 3. total reduction, lubrication, heating rate, temperature and
time annealing in cold rolling mill. All the process parameters above must be
controlled to produce excellent deep drawing properties. Favourable deep drawing
properties are associated with

{ 111 } texture. The processing requirements to

produce this { 111} texture that the hot band is equiaxed with random orientation, that
substantial quantities of A1 and N should be in solution in ferrite in the cold worked
condition. On the other hand the texture response of cold rolled strip is greatly
influenced by the heating rate, temperature and time of annealing. The high stored
energy of { 111} subgrains is believed to be responsible for the preferential nucleation
of such an orientation during annealing. The interaction of AIN precipitates and the
recrystallization process subsequently favours their growth. Precipitation or pre
precipitation clustering must precede or occur during recrystallization to obtain the
optimum interaction. The greater the amount of AIN precipitated, the greater the
retardation of recrystallization. This is probably a result of boundary pinning effect.
The exact nature of this interaction is not agreed upon. A common hypothesis,
consistent with the observation of elongated grains, is that precipitation occurs
preferentially along the subgrain boundaries in the rolling plane. This establishes a
barrier to growth in the thickness direction. An alternative proposal is that the texture
and elongated grains develop principally by anisotropic growth.

CHAPTER 3. EXPERIMENTAL PROCEDURE

The investigation was divided into two stages, the first stage consisted of a "mass
production"

investigation, including variations in reduction ratio in the cold rolling

mill and the holding time

during

batch

annealing.

The second stage was the

laboratory scale simulation of industrial batch annealing which allowed a closer study
of the structure and properties of cold rolled and annealed samples, including effects
of heating time, holding time and heating rate . These investigations in totality were
used to obtain more detailed information about the mechanisms underlying the
changes in the n and r-values with annealing conditions.

3.1. Mass production experiment.
The material used for the investigation was commercial quality cold rolled coil of JIS
G 3141, approximately 0.70 mm - 1.20 mm thick, which is a low carbon steel which
conforms to ASTM A366. The chemical compositions of different coils used in this
investigation are given in Table 3.1.
Table 3.1. Chemical compositions of steels used.

ID
A
B
C
D

c
(%)
0.046
0.034
0.046
0.035

Si
(%)
0.004
0.019
0.003
0.010

Mn
(%)
0.250
0.270
0.252
0.290

p
(%)
0.008
0.013
0.010
0.007

ID

Ni
(%)
0.02
0.017
0.015
0.012

Cu
(%)
0.016
0.014
0.023
0.010

Nb
(%)

A
B
C
D

0.001
0.001
0.001
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s
(%)
0.007
0.007
0.006
0.009
V
(%)
0.005
0.006
0.003
0.005

Al
(%)
0.040
0.050
0.040
0.052

N
(%)
0.006
0.006
0.006
0.005

Cr
(%)
0.012
0.007
0.008
0.006

Mo

Al/N

(%)
0.003
0.004
0.002
0.002

6.7
8.3
10
10.4
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These steels were produced as slabs by an electric arc furnace. Cast slabs were heated
to about 1250°C and hot rolled with a six stand hot rolling mill. The flow chart for
the processing of the steel is shown in Fig 3.1.
Finishing and coiling temperatures in the hot strip mill are given in Table 3.2 and the
reduction ratio and temper pass extension in the cold robing mill are shown in Table
3.3.
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Figure 3 . 1 . Flow chart for steels investigated.
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Table 3.2. Finishing and coiling temperatures in the hot strip mill for the steels
investigated.

, ID j Finishing Tcnip.(C)
j
Coiling Temp.(C)
i
Avg j
Max
Min
i Min 1 Max | Avg
1-----600 i
610
580
880
870 1 890 j
i A !
590 '
580
9 )0
620 ------------1
i
880 1 940 !
b
i— —i------------r
570
870
620 . . . M j
880 |
850 ;
C .
600 !
620
590
870
890 i
870 !
I D *
---

r

•

--

-

Table 3.3. Reduction ratio in tandem cold mill and skin pass in temper pass

S ' ' ----- ------------------------------------1——------------------------------1
i ID . Reduction Ratio %
j Extension %
j
in Tandem Cold Mill h
I
-------------------------------0.80
6 J .ll
i A
i' p
0.80
68.80
i-----0.80
65.70
0.80
I D ;
66.67

mill.
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HOT ROLLED COIL

CONTINUOUS PICKLING LINE
£

TANDEM COLD MILL.

ELECTROLYTIC CLEANING LINE

BATCH ANNEALING FURNACE
'D'
TEMPER PASS MILL
-0RECOILING LINE

COLD ROLLED AND ANNEALED COIL

Figure 3.2 Flow process in the cold rolling mill.
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In the batch annealing process the coils were heated for different holding times. For
coil A the maximum temperature and holding time were 680°C and 8 hours. In the
case of coil B the conditions were 680°C and 12 hours, for coil C 680°C and 16 hours
and for coil D, 680°C and 20 hours. A schematic diagram illustrating the annealing
cycle for each steel is given is Fig 3.3. Samples for testing were 600 mm full width,
with samples being cut from the head , the middle and the tail of the coil. Test pieces
were cut from the coil centre and from each edge of the sheet. The r- value test, for
each coil was performed nine times to determine the average value. (The
annealing cycles for the samples tested are given in Fig 3.3.)

actual

a) B o t t o m T e m p e r a t u r e feBO x 0 8 H o u r s

b) B o t t o m T e m p e r a t u r e 6 8 0 x 12 H o u r s

Figure 3.3 Batch annealing cycles for steels used, the nominal heating rate in all cases

was 12 °C/h.

GO
GO

c) B o tto m

Tem perature

680

x 16 H o u r s

d) Bottom

Tem perature

680

x 20

Hours
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3.2. Laboratory experiments.

The chemical composition of the steel used in the laboratory experiments is given in
Table 3.4.

Table 3.4. Chemical composition of steel used (Steel C in table 3.1)

% wt

Element

% wt

Carbon

0.046

Nitrogen

0.006

Silicon

0.003

Chromium

0.008

Manganese

0.252

Nickel

0.015

Phosphorus

0.010

Copper

0.023

Sulphur

0.006

Niobium

0.001

Vanadium

0.003

Molybdenum

0.002

Aluminium

0.040

Element

This steel was produced by an electric arc furnace. Process parameters for hot rolhng
were.
- Slab Reheating temperature : 1250° C
- Finishing temperature

: min = 850° C max = 880° C Avg = 870°C

- Coiling temperature

: min = 570° C max = 620° C Avg = 600°C

After pickling and oiling, the thickness of the hot coil was reduced by 65.71% in
the five stand tandem cold mill. During cold reduction an emulsion oil (5% oil) was
used for lubrication.
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After reducing the thickness, the coil was heat treated . To prevent oxidation Argon
gas protection was used in a tube furnace ( Fig 3.4).
The samples for investigation had the dimensions :
length

= 240 mm

width

= 33 mm

thickness = 1.2 mm
The dimensions of the samples were kept approximately constant to minimize any size
effect during heat treatment.

Figure 3.4. Tube furnace
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3,3. Light Optical Metallography

All the samples for optical microscopical studies were mounted in bakelite and
mechanically polished to a 1 pm diamond finish. A 3 % Nital solution was used for
etching. After, etching for 5 sec. in 3 % Nital samples were washed with methanol
and water. After polishing and etching, samples were examined using a Unimex Union
8398 metallograph. Quantitative metallographic analysis using the standard test
method for determining volume fraction by systematic manual point counting (20),
was carried out to measure the volume fraction of recrystallization. The mean ferrite
grain size was measured using the standard test method for determining average mean
intercept grain size with the circular intercept procedure (21).

3.4, Transmission Electron Microscopy

Thin slices were sawn from the rods and mechanically polished to less than 0.15 mm
thickness. Further thinning was carried out using a Struers jet polisher. A reagent of
95% acetic acid and 5% water and 400 g/1 chromium trioxide (22) at ambient
temperature was found to be most suitable for polishing and thinning. The polishing
conditions were 50 volt, 0.5 ampere DC with low flow rate. Transmission electron
microscopy was used to observe the stages of precipitation of aluminium nitride.

3.5. Hardness Measurement

Hardness measurements were carried out after heat treatment using the Rockwell B
scale.
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3,6. Tensile Measurement

Tensile measurements were conducted on samples for the measurement of r and nvalues, tensile strength, yield strength and elongation. The following procedure was
used.
( i )

Standard tensile samples based on JIS Z 2201 No. 05

piece were prepared

by milling.
( ii )

A gauge length, usually 50 mm, was marked on the samples, accurately
measured to ± 0.01 mm and was recorded

as lo. The total width of the

samples was measured at four points within the gauge length to within 0.01
mm and recorded as Wo.
(iii)

The samples were elongated approximately 15 % (below the strain at which
necking begins) at a convenient strain rate.

( iv )

The final gauge length and gauge width Wo were measured as decribed in
step 2.

( v)

The r-value was calculated from the formula :

r = In (Wo / Wf) / In (If W f / lo Wo)

( 3.1)

Where lo and If are the initial and final length measurements. Because of considerable
calculation time, a nomograph was used to obtain a value for r. The anisotrophy
parameter r was obtained for different directions in the sheet. Normally specimens
were cut from the sheet at 0, 45 and 90 deg to the rolling direction. For planar
anisotropy ( A r), the formula is :
A

r = 1/2 (r0 + r90 - 2 r45)

(3.2)

CHAPTER 4. RESULTS

4.1. M ass Production Experiments.

4.1.1. M echanical Properties Results.

The results of mechanical tests for various holding times at 680 °C ( Fig. 3.3) are
shown in Figs. 4.1 and 4.2. These curves show that the hardness, tensile and yield
strength decrease with increasing holding time. The ratio of tensile strength to yield
strength gradually increased with increased holding time up to

20 hours. The

effect of a high ratio of tensile to yield strength is to increase the exponent for
strain hardening. Figure 4.3 shows the effect of holding time on elongation. It can be
seen that an increase in the holding time

increases the elongation, as a result of the

increasing grain size ( Fig 4.4 ). The grain size increases from 20 pm at 680 °C after
8 hours, to 35 pm after 20 hours. Figures 4.5 and 4.6 show the effect of holding
time on r-value and n-value. The r-value decreased as holding time increased.
Normally for regular commercial quality drawing steel, the holding time at 680°C is 8
hours. For the investigation undertaken, additional holding times of 12 hours, 16
hours and 20 hours were used, together with higher holding temperature at 680°C.
Figure 4.7. shows the microstructure of mass produced batch annealed steel. These
photomicrographs show that the width of the grains is much smaller than the length
of the grains. In other words, the structure is elongated or has a" pancake” shape.
The effect of a holding temperature of 680 °C for times up to 16 hours is that grain
size increases gradually, starting from a fully

recrystallized

grain size of

approximately 20 pm and finishing at a size of about 35 pm after 20 hours. The
grain dimensions after a holding time of 20 hours still produced a pancake shape.
From

the results for the tensile properties, formability and

microstructure versus

holding time up to 20 hours, it can be seen that tensile strength, yield strength and
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hardness decreased with increasing

holding time up to 20 hours. However, elonga

tion increased with increase of holding time. For formability, the normal anisotropy
decreased

with

holding time, while the strain hardening exponent remained

approximately constant. Grain size also increased with increased holding time up to
20 hours, caused by grain growth at the holding temperature.

Fig 4.1. Effect of holding time on hardness at temperature 680 °C, mass production
treatment
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Fig 4.2 Effect o f holding time on strength at temperature 680 °C,

mass production

treatment.

Fig 4.3 Effect of holding time on elongation at 680 °C, mass production treatment.
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Fig 4.4 Effect of holding time on grain size at 680 °C, mass production treatment.
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Fig 4.6. Effect o f holding time on r-value at 680 °C, mass production treatment.
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X500

Fig 4.7 Photomicrographs of Al killed steel fully recrystallized after holding at:
(a) 680 °C for 8 hours
(b) 680 °C for 12 hours
(c) 680 °C for 16 hours
(d) 680 °C for 20 hours.
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4.2. Laboratory Experiments.

4.2.1. M etallographic results.
The

results obtained by metallographic point counting are

shown as

plots

of

volume fraction recrystallized versus time in Fig 4.8. The curves for different heating
rates show the classic sigmoidal shape associated with recrystallization. There is an
incubation stage, which depends on heating rate, followed by rapid recrystallization
and a final

stage during

which recrystallization rate slows down as grain

impingement occurs. A lower recrystallization temperature was associated with a
lower heating rate.
The recrystallized grain size of the steel used was determined for heating rates of 12
°C/h, 24 °C/h and 36 °C/h by the circular intercept procedure. The results are shown
in Figs 4.9 and 4.10. The starting grain size in as rolled grain

condition was

approximately 10 to 11 pm. For a heating rate 12 °C/h recrystallization started at a
temperature of 508 °C, when the grain size was approximately 13 pm. For a heating
rate of 24 °C/h recrystallization started at 544 °C and for a heating rate 36 °C/h the
recrystallization started at temperature was 556 °C. The grain size at the start of
recrystallization was similar in the three cases. During recrystallization the grain
growth at a heating rate of 36 °C/h was more pronounced than for a heating rate 24
°C/h and also

for 12 °C/h. The grain size averaged approximately 22 pm for a

heating rate 12 °C/h, 26 pm for heating rate 24 °C/h and 30 pm for 36 °C/h. From
the grain size versus temperature curves, it is evident that the heating rate strongly
influences recrystallization. The smaller the heating rate the lower the temperature of
the start of recrystallization and the smaller the recrystallized grain size. The
implication is that the lower rate promotes nucleation of recrystallization over growth
of recrystallized grains. The effect of holding time on the recrystallized grain size at
680 ° C is also presented in Fig 4.10. This plot shows that grain size changes little on
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holding and was lower for the lower heating rate. The grain size for heating rate 12
°C/h was approximately constant at 22 - 23 pm, for 24 °C/h, 26 to 29 pm, and for 36
°C/h 30 to 31 pm.
Optical microscopy also identified features associated with the mode of nucleation
of recrystallization. From observations of the grain boundaries during the course of
recrystallization, it was evident that there was a large degree of grain boundary
migration occurring as a precursor to recrystallization.

120

o m N —i- r ‘>HC/3-<3JOm3

%

-P=>

cr>

e - HR 12 oC /h

HR 24 oC /h

Fig 4.8. Volume fraction of recrystallized grain as a function of
heating rates of 12,24 and 36 °C/h .
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- 9 - HR 12 oC/h

HR 24 oC/h

HR 36 oC/h

Fig.4.9 Effect of temperature on grain size for heating rate 12,24, 36 °C/h.

- a - HR 12 C/h

HR 24 G/h

HR 36 C/h

Fig 4.10. Effect of holding time at 680 °C on grain size for heating rates of 12,24
and 36 °C/h
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4.2.2. Recrvstallization o f Ferrite Grain Morphology.

Figure 4.11. shows the morphologies of the recrystallized grains for a heating rate of
12 ° C/h for various temperatures and times. It is evident the recrystallization of
ferrite occurred initially at the grain boundaries of

as rolled ferrite, followed by

development of the volume fraction of recrystallized grains at temperatures from 508
°C to 562 °C. The length of the grains was larger than the width,and hence the
grains still retained a pancake shape. Finally, at a temperature of 562°C the structure
was fully recrystallized for a heating rate 12°C/h. Figure 4.12 shows that over the
temperature range 568 °C to 680 °C the as rolled structure is completely replaced by
recrystallized ferrite and the grain size gradually increases due tp grain growth with an
increase in temperature up to 680 °C. Figure 4.13 shows the morphology of the
coarsened ferrite on holding at 680 °C for times 12 °C/h to 16 hours. The increase of
average grain size was relatively constant at about 22 pm to 23 pm. Figure 4.14
shows the recrystallization of ferrite for heating rate of 24 °C/h at various
temperatures. The morphology was similar to that found for a heating rate of 12 °C/h,
but nucleation of recrystallization occured at higher temperatures. The initial stage of
recrystallization occurred by grain boundary nucleation at a temperature of 544 °C.
Nucleation was followed by development of recrystallization, until at 568 °C all of the
as rolled structure was completely replaced by recrystallized ferrite. The ratio of
length and width remains high, but is less than for the cold rolled grains. At high
temperature, the grains became wider, as can be seen in Fig 4.15. With increasing
temperature and time the grain size increases but the grains still possess a pancake
shape. For a holding temperature of 680 °C for a heating rate of 24 °C/h, increased
time causes grain growth, as shown in Fig 4.16. This figure shows that for increased
holding at 680 °C, the grain size gradually increased ( from approximately 26 pm at
the start of holding to approximately 29 pm for the finish holding time of 16 hours ).
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Although the grain size for the heating rate of 24 °C/h varied significantly with
temperature, a pancake grain shape was retained.

Figure 4.17 shows the

morphologies of recrystallized ferrite grains for a heating rate of 36 °C/h, for various
temperatures and times. For temperatures of 436 °C to 562 °C, the structure remained
as rolled, while at 574 °C partial recrystallization was evident, with the amount
increasing up to 580 °C. Comparing the pattern of recrystallization for heating rates
of 12, 24 and 36 °C/h, it was similar, except that the initiations temperature was
higher for the fastest rate, as was the grain size. The grain shape for the three steels
was a similar pancake shape. For holding times up to 16 hours, the grain size was
relatively constant at about 30 pm - 31 pm, but the grains were still pancake shaped (
Fig 4.18).
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4 . 1 1 Photomicrographs showing the deformed structure and partial
recrystallization for a heating rate of 12oC/h.
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Photomicrographs showing deformed and partially recrystallized structures for a heating rate of 36 oC/h.
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4.2.3. M echanical Property Results.

Figure 4.19. shows the relationship between hardness

and grain size for heating

rates of 12 °C/h, 24 °C/h and 36 °C/h. For all rates there is good agreement
between the temperature for the start of recrystallization indicated by both hardness
and grain size, with the temperature being different for each heating rate. For a
heating rate of 12 °C/h the recrystallization start temperature was 508 °C indicated
by the sharp decrease in hardness from 90 HRB to 69 HRB, and an increase in grain
size from 10 |Lim to 13 pm.

For a heating rate of 24 ° C/h the recrystallization

start temperature was 544 °C, corresponding to a decrease in hardness from 91
HRB to 86 HRB and an increase in average grain size from 10 pm to 12 pm. For
a heating rate of 36°C/h the recrystallization start temperature was 556 °C, with a
decrease in hardness from 89 HRB to 84 HRB. Figures 4. 20. and 4.21. show the
relationship between tensile /yield strength and grain size for the three heating rates
.

The start of recrystallization was associated with an increase in grain size and a

decrease in tensile and yield strengths. The mechanical properties of hardness, ten
sile and yield strength were lowest for the heating rate of 36°C/h. For the rate 24
°C/h the mechanical properties were intermediate and for 12 °C/h the property
values were highest. Higher temperatures and

longer

times resulted in a more

marked growth of ferrite grains, thus leading to lower hardness, and tensile and yield
strengths.

Figure 4.22. shows the relationship between elongation and grain size

for heating rates of 12 °C/h, 24°C/h and 36 °C/h.

The curves

have a normal

sigmoidal form. For a heating rate of 12°C/h,the start of recrystallization at 508°C
was associated with increases in grain size and elongation. For a heating rate of 36
°C/h, the start of recrystallization was indicated by an increase in grain size and
elongation at a temperature of 556 °C. Therefore, the grain size and elongation were
greatest for the highest heating rate ( 36 °C /h ).
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Fig 4.19 Grain size and hardness as a function of temperature for heating rates of
(a)12°C/h; (b)24°C/h; (c)(36°C/h.
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Fig 4.21 Grain size and yield strength as a function o f temperature for heating rates
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4.2,4. Formabilitv indices.

For all sheet forming methods, irrespective of the material, manufactured parts are
made by stretching, drawing or a combination of both. The properties required for
good

stretchability are not the same as those that impart good

drawability. In

stretching, deformation occurs only at the punch nose because the blank is clamped
firmly around the edge. For pure drawing, the clamping force is just sufficient to
prevent buckling, and the material around the periphery is allowed to flow inward.
Thus, deformation

takes

place in the flange and over the die

lip.

production parts, deformation takes place by a combination of

In

drawing

most
and

stretching.

The deep drawability relates to the normal anisotropy or r- value and

stretching

to the strain hardening coefficient or n value. Figure 4.23 shows the

relationship between the n-value and the grain size during recrystallization. The nvalue increases
heating

as the grain size increases with increased

temperature during

to 680 °C. Figure 4.24 shows the relationship between

r-value and

recrystallized grain size for the steel used. The trend of r- value and grain size is
similar to the trend of n-value and grain size. Increased temperature during annealing
up to 680 °C, increased the r-value and grain size.The growth of ferrite grains led to
higher r and n-values.
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Fig 4.23 Grain size and n-value as a function o f temperature for heating rates of
(a) 12 °C/h;(b) 24 °C/h;(c) 36 °C/h.
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Fig 4. 24 Grain size and r-value as function of temperature for heating rates of
(a) 12 °C/h;(b) 24°C/h; (c) 36 °C/h.

4.2.5. M echanical properties on holding at 680 °C.

The

results of hardness tests and grain size measurements with holding time are

shown

in

Fig 4.25.

These curves show

the

softening

of material

which

accompanies grain growth. As the grain size of the recrystallized grains increases
with hold time, so the hardness decreases. The initial and final hardnesses during the
isothermal hold are dependent upon the heating rates. The different hardness values
are due to varying extents of grain growth, with softening being associated with grain
coarsening.

For a heating rate of 12 °C/h there

is

increasing softening

and

increasing grain size with time. Comparing hardness for heating rates of 12 °C/h, 24
°C/h and 36 °C/h, the hardness for a heating rate of 36 °C/h is lower than that for
24 °C/h. Therefore, the hardness after rapid heating rate is lower than that after
slow heating. Figures 4.26 and 4.27 show the tensile and yield strength changes with
holding time at 680 °C. The trend of tensile and yield strengths is similar to the
trend of hardness. For rapid heating at 36 °C/h, tensile and yield strengths are lower
than for slow heating. Elongation increases with increased holding time, corre
sponding to an increase in grain size.( Fig 4.28).
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Fig 4.25 Grain size and hardness as a function of holding time at 680 °c for heating
rates of (a) 12°C/h; (b) 24 °C/h; (c) 36 °C/h.
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Fig 4.26 Grain size and tensile strength as a function of holding time at 680 °C for
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Fig 4.27 Grain size and yield strength as a function o f holding time at 680 °C for
(a) 12 °C/h; (b) 24 °C/h; (c) 36 °C/h.
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Fig 4.28 Grain size and elongation as a function of holding time at 680 °C for
heating rates of (a) 12 °C/h;(b) 24 °C/h; (c) 36 °C/h.
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4.2.6, Formabilitv changes with holding time at 680 °C.

The results of n-value tests and grain size measurement with holding time are
shown in Fig 4.29. For a heating rate of 12 °C/h a peak in n value occurred at a
holding time of 8 hours . For holding at 680 °C from zero to 8 hours the n value
increased, after which it decreased on holding for up to 16 hours. The peak n-value
occurred at holding time of 4, 6, 8 hours for heating rates of 12 °C/h, 24 °C/h, and 36
° C/h, respectively. From these data, it is evident that slow heating results in a higher
n-value occuring at a longer holding time than for rapid heating . Figure 4.30 shows
grain size and r-value as a function of holding time for the three heating rates. The
trend in r value is similar to the trend in n-value. For heating rates of 12, 24 and 36
°C/h, peaks in r-value occurred after 8 hours, 6 hours and 4 hours,respectively.
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Fig 4. 29 Grain size and n- value as a function of holding time for heating rates of
(a) 12 °C/h; (b) 24 °C/h ;(c) 36 °C/h
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Fig 4. 30 Grain size and r-value as a function of holding time for heating rates of
(a) 12°C/h; (b) 24°C/h;(c) 36 °C/h.

C H A PT E R 5 DISCUSSION O F RESULTS

5.1. M etallographic observations.

Samples in the as received cold rolled condition showed similar grain sizes and
mechanical properties up to the start of recrystallization. Samples were cut from cold
rolled material. The hot band was first pickled in the continuous pickling line, then
cold worked by cold rolling in a tandem cold rolling mill, producing marked changes
in both physical and
The

hardness

and

mechanical
strength

properties.
increased

as

a

result

of

an

increase

in

dislocation density. The dislocations present in the cold worked state give rise to a
substantial strain energy stored in the lattice, so that the cold worked condition is
thermodynamically unstable relative

to the undeformed one. Consequently, the

deformed metal will spontaneously return to a state of lower free energy, if thermal
activation is provided to allow diffusion, cross slip and climb to take place. The rate
of approach to equilibrium will be governed in part by an Arrhenius type equation

Rate = A exp

- Q /k T

where the activation energy Q depends on impurity content, strain etc.

The

formation of interstitial atmospheres by strain aging, as already discussed, is one
method whereby the metal reduces its excess lattice energy, but this process is
unique in that it usually leads to a further increase in the structure sensitive
properties rather than a reduction to the value characteristic

of the annealed

condition. It is necessary, therefore, to increase the temperature of the deformed
metal above the strain aging temperature before it recovers its original softness and
other

properties.

The removal of the

cold
74

worked

condition occurs

by

a
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combination of three processes, namely recovery, recrystallization and grain growth
( 23). Metallographie observation of the samples annealed for various times and
heating rates showed a large variation in structure : from cold worked to partially
recrystallized, to fully recrystallized and finally to grain coarsened. Figure 4.11 shows
the structures of the recovered and partially recrystallized samples subjected to a
heating rate of 12 °C/h. Figures 4.14 and 4.17 show the corresponding morphologies
of samples heated at 24 °C/h and 36 °C/h, respectively.

5.1.1. Recovery.

This process describes the changes in the distribution and density of defects with
associated changes in physical and mechanical properties which take place in worked
crystals before recrystallization, or alteration of orientation, occurs. The structure of
a cold worked metal consists of dense dislocation networks, formed by the glide and
interaction of dislocations, and consequently, the recovery stage of annealing mainly
involves the rearrangement of these dislocations to reduce the lattice energy and it
does not involve the migration of large- angle boundaries (23). This rearrangement
of the dislocations is assisted by thermal activation. One of the most important
recovery processes which leads to a rearrangement of the dislocations, with a
resultant lowering of the lattice strain energy, is polygonization (23). The basic
movement during polygonization is a climb process whereby

edge dislocations

change their arrangement from a horizontal to a vertical grouping. It is, therefore, a
process which involves the migration of vacancies to or from the edge of the half
planes of the

dislocations. Smallman

(23) found that, in heavily deformed

polycrystalline aggregates at least, recovery is associated with the formation of
subgrains out of complex dislocation networks by a process of polygonization.
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Jolley (8) concludes that the rate of recovery in a killed steel during simulated box
annealing is the same as for a rimmed steel and that the differences in the final
annealed structure and properties are due to the different growth rates of recrystal
lized grains, as modified by the precipitation of AIN in the killed steel.
Michalak and Schoone (12) claim this is contrary to the observation of Dillamore et
al (24), who concluded that segregation
boundaries inhibits the

final stage

of aluminium and nitrogen to subgrain

of recovery, that is, subgrain

growth.

The

differences appear to lie in differentiating between the completion of recovery and the
onset of recrystallization. The work of Michalak and Schoone (12) showed that for a
steel in which precipitation of AIN occurred during the recovery stages, subgrain
growth

was inhibited, compared

to a pre-precipitated steel and

this,

in fact,

supports the general conclusion ( 8 , 11, 12, 24 ) that polygonization and subgrain
formation are not affected by AIN but the subsequent subgrain growth, which may
belong to the recovery process or the recrystallization process, is in fact slower than
for a rimmed steel.
Dillamore and Fletcher (25) have reported that during slow heating to temperature in
a box annealing treatment, a rimmed steel recovered to a considerable extent, whereas
recovery in an aluminium killed steel was inhibited by some dislocation locking
mechanism. In their work, recovery was evaluated by flow stress measurements and
transmisión electron microscopy. More recently, Dillamore et al (24) suggested that
segregation of aluminium and nitrogen to subgrain boundaries inhibits the final stage
of recovery, that is , subgrain growth. On the other hand, Jolley (8) has reported that
recovery, as measured by changes in flow stress, occurs in both types of steel at
approximately the same rate and that a well polygonized matrix is produced in both.
Goodenow concluded (11) that during the low temperature treatment, two different
reaction were occurring, namely the recovery polygonization of cold rolled matrix and
the precipitation of AIN. Recrystallization in general is very heterogeneous while the
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precipitation of AIN was observed to be fairly uniform on the dislocation structure
and retarded both the normal decrease in dislocation density and the coalescence of
subgrains. The accumulating barrier effect of the clusters continously decreased the
number of active coalesced nucléation sites with increasing time at temperature.
Hutchinson (27) reported that during slow heating of the coil the A1 and N react
together in the cell boundaries and grain boundaries of the cold worked metal in a
manner that retards the formation of recrystallization nuclei. Whether the A1 and N
form a segregate or whether a true precipitation process ( of AIN) is involved, recent
work tends increasingly to support the latter hypothesis and it is quite clear after
recrystallization that rows of AIN particles delineate the positions of the old cells and
grain boundaries (12). A schematic representation of this process may be given in the
manner described by Hombogen (28) where the times for recrystallization and
precipitation are plotted together as function of temperature as in Fig 5.1. At high
temperatures recrystallization precedes precipitation and the resulting {111} texture
is only weakly developed. At lower temperatures precipitation occurs first and thus
retards the recrystallization reaction while at the same time rendering the nucléation
process more selective towards the

{111}

oriented grains (24). The result is

characteristic coarse elongated ( pancake) grain structure with strong
texture which is ideally suited for sheet forming purposes.

{111}

TEMPERATURE
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Fig 5.1. Schematic diagram showing the kinetic of AIN precipitation and
recrystallization in cold rolled steel (27).
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5,1.2. Recrvstallization.

Figures 4.11, 4.12 and

4.13 show morphologies of recrystallized and coarsened

ferrite grains in samples heated at 12 °C/h. Figures 4.14 - 4.16 show corresponding
morphologies for 24 °C/h and Figs 4.17 and 4.18 correspond to 36 °C/h. From these
figures a feature of the microstructure is increasing grain size with increasing heating
rate. This observation was quantified by quantitative metallography ( Fig 4.19 ). The
grain size is a reflection of both the nucléation and growth rates. From the grain
dimensions, it can be seen that the recrystallized grain size increases with increase in
heating rate from 12 °C/h to 24 °C/h to 36 °C/h. The grain size of the as rolled grains
was similar for the three samples, but the recrystallized grain size for a heating rate of
36 °C/h, for which the recrystallization start temperature was highest also showed the
largest grain size. It is inferred that for the highest rate of heating, nucléation was
retarded so that the impinged grain size on growth was larger than for lower rates of
heating. Smallman (24) has concluded that the most significant changes in the
structure-sensitive properties occur during the primary recrystallization stage. In this
stage the deformed lattice is completely replaced by a new unstrained one by means of
a nucléation and growth process, in which practically stress free grains grow from
nuclei formed in the deformed matrix. The orientation of new grain differs consid
erably from that of the crystals they consume, so that the growth process must be
regarded as incoherent, i.e. it takes place by the advance of large angle boundaries
separating the new crystals from the strained matrix. It is well known that the rate of
recrystallization depends on several important factors, namely (i) the amount of prior
deformation ( the greater the degree of cold work the lower the recrystallization
temperature and the smaller the grain size) (ii) the temperature of annealing ( as the
temperature is lowered the time to attain a constant grain size increases exponentially)
and (ni) the purity of the sample.

8o

Measurements by quantitative metallographic analysis, using the standard

manual

point counting, enabled the plot of % recrystallization as a function of temperature
Fig 4.8. During the initial stage % recrystallization increased slowly as the tempera
ture increased, then linearly with temperature until the growing grains began to
impinge on one another, after which the rate

decreased, and assymptotically

approached 100 %.
The classical interpretation of isothermal recrystallization is that nuclei form
spontaneously in the matrix after a so called incubation time, t0 and these nuclei then
proceed to grow steadily with the driving force for the process being provided by the
strain energy of cold work contained in the strained grain on one side of the boundary
relative to that on the other side. Such an interpretation would suggest that
recrystallization occurs in two distinct stages, i. e. first, nucleation and then growth.
An alternative interpretation is that the so called incubation time to, represents a
period during which small nuclei, of a size too small to be observed in the light
microscope, are growing very slowly. This latter interpretation follows from the
recovery stage of annealing. Thus, the structure of recovered metal is thought to be
that of polygonized regions of practically perfect crystals and consequently one might
expect the active recrystallization nuclei are formed by the growth of certain sub
grains at the expense of others. (25)
The process of recrystallization may be pictured as follow. After deformation,
polygonization of a bent lattice region on a fine scale occurs and this results in the
formation of several regions in the lattice where the strain energy is lower than the
surrounding matrix ; this is a necessary primary condition for the nucleation. When the
domains are small and less than one degree in misorientation , the polygonized
domains form and grow quite rapidly. A critical subgrain can grow at a much faster
rate than the other subgrains which surround it and so acts as the nucleus of a
recrystallized grain. The larger it grows the greater will be the difference in orientation

8i

between the nucleus and the matrix , until it finally becomes a new strain free crystal
separated from its surroundings by a large angle boundary. With this knowledge of
the theory of recrystallization, the influence of several variables which are known to
affect the recrystallization behaviour of metal can now be understood. The preferred
orientation developed by cold work often changes on recrystallization to a totally
different preferred orientation. To explain this observation Barret and Beck (24) have
put forward the oriented growth theory of recrystallization textures in which it is
proposed that nuclei of many orientations initially form but, because the rate of
growth of any given nucleus depends on the orientation difference between the matrix
and the growing crystal, the recrystallized texture will arise from those nuclei which
have the fastest growth rate in the cold worked matrix, i.e. those bounded by large
angle boundaries. It then follows that because the matrix has a texture, all the nuclei
which grow will have orientations that differ by 30 °to 40 ° from the cold worked
texture. To account for such observations, and for those cases where the deformation
texture and the annealing texture show strong similarities, oriented nucleation is
considered to be important. Hutchinson (26) has reported that in aluminium killed
steel the dissolved aluminium and nitrogen play no special role during cold rolling, but
strongly influence recovery and recrystallization on subsequent annealing. During
slow heating a process of agglomeration of nitrogen and aluminium occurs, which
retards structural changes in the steel and modifies the resulting texture. There has
been some discussion in the literature as to whether true precipitates of AIN are
formed or whether only pre-precipitation clusters occur at dislocations and sub
boundaries. The inability to identify precipitates by chemical analysis (13) or electron
microscopy (8,12) before recrystallization is well advanced has led most investigators
to infer that clustering occurs. Precipitates have, however, been identified within
recrystallized

grains

running

in

rows

along

the

sites

of

prior

subgrain

boundaries( 11,12). As experimental techniques have been developed in recent years,
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the balance of opinion appears to have swung some way towards a true precipitation
process. W hatever the precise mechanism, there is agreement that recrystallization,
and in particular nucleation, is greatly retarded. The condition of optimum plastic
anisotropic occurs together with a maximum grain elongation ( pancaking), and also
corresponds to a maximum grain size in the annealed product.

The production of

elongated grains in the killed steel can be explained by the impurity drag model by
Jolley (8) ( see Fig 2.12.) Figure 5.2 an extraction replica of this study shows that
the aluminium nitride has precipitated at the former as rolled grain and subgrain
boundaries by the time recrystallization is substantial complete. Furthermore, Fig 5.3
shows the microstructure of the A1 killed steel for a heating rate of 24 °C/h, after
reaching a temperature 640 °C in the simulated box annealing, treatment. There are
still a

X 3000
Fig 5.2. Carbon extraction replica of aluminium killed steel annealed by holding time
at 680 °C for 16 h, with heating rate 24 °C/h : Aluminium nitride precipitate
delineates cold worked grain and subgrain boundaries.
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few small, very elongated recrystallized grains ( marked A ) that are similar in shape
and dimensions to the as rolled grains. In other areas ( marked B ) grain growth has
occurred. Figure 5.4 shows the microstructure of samples , but after a longer heating
time. It can be seen that the recrystallized grains are less elongated, because of grain
growth. Close inspection of the areas within these large grains reveals traces of
aluminium nitride precipitates at the former as rolled grain boundaries. The
component of the texture , and consequently the

{111}

r value of the A1 killed steel,

increases slightly with increasing annealing time, but the {100}

component, which

falls considerably during recrystallization, remains roughly constant (8). This is
probably due to the

{111} recrystallized grains growing at the expense of

recrystallized grains of orientations other than {100} (8).
Hutchinson (27) has reported that when partially recrystallized steel sample is
examined in the optical microscope, it appears that new grains initiate at different
locations in the microstructure. Hard second phases such as large carbides, old grain
boundaries, and intra-granular sites are all represented. The different types of sites are
believed to be associated with different orientation spreads of the new grains.
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Fig

5.3.

Fig 5.4.

Optical
micrograph
of
fully
recrystallized
aluminium
killed steel, for a heating rate of 24 °C/h to 640 °C Small recrystallized
grains have shapes and dimensions similar to those of the as rolled
grains (A); large grains contain traces of aluminium
nitride
precipitates (B).

Optical micrograph of fully recrystallized aluminium killed steel, after
holding at 680 °C for 16 hours, for a heating rate of 24 °C/h.
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5.1.3. Grain growth.

Figures 4 .1 3 ,4 .1 6 and 4.18 show grain growth in samples for the three heating rates
of 12 °C/h, 24 °C/h and 36 °C/h. From these figures it is evident that for a holding
time of 1 hour there are a few small, very elongated recrystallized grains, that
represent the first grains to recrystallize and have shapes and dimensions similar to the
as rolled grains. In other areas grain growth has occurred. For holding time of 16
hours, grain growth has clearly occurred. It is well

know that when primary

recrystallization is complete, i e. when the growing crystals have consumed all of the
strained material, the metal can lower its energy further by reducing its total area of
grain surface. With extensive annealing it is often found that grain boundaries
straighten, small grains shrink and larger ones grow. The general phenomenon is
known as grain growth, and the most important factor governing the process is the
surface tension of the grain boundaries. A grain boundary has a surface tension,
because its atoms have a higher free energy than those within a grain. For a holding
temperature of 680 °C the atoms are mobile, and a grain with fewer faces will tend to
shrink under the action of the grain boundary surface tension forces, while one with
more faces will tend to grow. Figure 4.10 shows the effect of temperature on grain
size, for various holding times at 680 °C. For a heating rate of 12 °C/h, the average
grain size is relatively constant with time, with a change from 22 Jim to 23 jam. For a
heating rate of 24 °C/h the grain size changed gradually with time from 26 to 29 pm.
For a heating rate of 36 °C/h the grain size with increasing time was again almost
constant, changing from 30 to 31 |im. The results for all three heating rates indicated
that the grain size is relatively constant with increasing time up to 16 hours at a
holding temperature of 680 °C, because of retardation of grain motion by layer of
precipitates of AIN at prior cold worked boundaries. Dunne and Dunlea (19)
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concluded that in aluminium killed steel, nucléation by subgrain growth is selectively
inhibited by clusters or precipitates at subgrain boundaries and growth of
recrystallized grains is anisotropically retarded by precipitates at prior cold worked
boundaries. They concluded that texture development is primarily dependent on
nucléation events and that grain shape and growth are determined by other physical
conditions. Elongated grains are frequently associated with a favourable texture, but
in some cases the link between texture and elongated grains can be broken. In the
absence of a suitable precipitate distribution, equiaxed grains develop, whilst the rapid
heating is believed to suppress recovery and bring about selective nucléation of
recrystallized grains. A1 killed steel is a special case because the retardation of
recrystallization involves clustering and precipitation, preceding or accompanying
recrystallization. In the present work the larger recrystallized grain size for a heating
rate of 36 °C/h is a result of the growth : nucléation rates being relatively higher than
for lower cooling rates. It is inferred that precipitation of AIN at the higher heating
rate reduces nucléation rate relative to the growth rate. Clustering and precipitation is
expected to be more effective at lower heating rates in limiting both subgrain and
recrystallized grain growth, and lead to a smaller recrystallized grain size. At high
rates AIN precipitates grow rapidly and become less effective in limiting growth.

5.2 M echanical Properties.

While the strength properties decreased

with increasing time for the laboratory

samples studied, the drawability of the experimental aluminium killed steel improved
with increasing temperature or heating time to an optimal value corresponding to a
particular holding time. This is shown by the r-values obtained from samples treated
by the three different laboratory box annealing cycles. For 12 °C/h the r-value
increased gradually as the temperature increased, and for isothermal holding at 680
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°C, the r-value increased in the range from 0 to about 8 hours, after which it
decreased again. Likewise for 24 °C/h, the r-value increased to a peak after 6 hours,
and for 36 °C/h the peak occurred after 4 hours ( Figs 4.24 and 4.30 ). The influence
of grain size on r-value is significant during heating, with increasing grain size being
associated with an increase in r and n value. However, for holding time of 16 h at 680
°C, the influence of grain size on r and n value is not significant. Jolley (8) concluded
that aluminium killed steel always exhibits better drawing properties than rimmed steel
because of the presence of aluminium nitride in the killed steel. It was once widely
held that the production of elongated grains by precipitaion of aluminium nitride
during annealing was in itself responsible for good deep drawing properties. However,
as discussed previously, high r-value can be obtained in steel having equiaxed grains,
and it is difficult to see how the shape of ferrite grains as such could influence plastic
anisotropy. It is the strong preferred orientation of the elongated grains rather than
their shape which is responsible for the high r-value and good drawability. The
mechanism whereby aluminium nitride produces elongated grains having a strong
preferred orientation is not completely understood. One of the more puzzling
observations is that the aluminium nitride precipitate cannot be detected chemically
before recrystallization occurs. This is illustrated clearly by the results shown in Fig
2.6. Aluminium nitride could not be detected by extraction replica until after 35 hours,
at which point the steel was 100 % recrystallized. Sanak Mishra and Darman (7)
showed that for Al killed steels the rate of heating to the annealing temperature is very
critical in relation to the r-value. A slow heating rate of the order of 50 °C/h or less, is
considered desirable, and it is clear that rapid heating is detrimental to the formation
of the

{111} texture. If Al-killed steel is pre-annealed at low temperatures ( 450

°C- 500 °C ), then subsequently rapidly heated, there is no detrimental effect on
texture. Al-killed steels having the highest r value are characterized by a very strong
{111} type texture. It is generally believed that AIN precipitates in the form of a fine
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dispersion, or pre-precipitation clusters of aluminium and nitrogen atoms, play a vital
role in the formation of this texture. The investigation of Michalak and Schoone (12)
indicated that the development of

{111} texture might be due to the precipitation

clusters of aluminium and nitrogen atoms which inhibit the formation of the
undesirable { 001} < 110 > textures and induce the development of the {111} type
texture during recrystallization. Figures 5.5 and 5.6 show the effect of heating rate on
r-value in present work. These results indicate that increasing the heating rate resulted
in a decrease in the r-value. The highest heating rate probably reduces the extent of
clustering of A1 and N prior to recrystallization and thereby reduces the
recrystallization and growth of grains with the desired crystallographic orientation.
Shimizu et al (28) conducted an extensive study of effects of heating rate, over the
range of 1-300 °C/h, on the properties of rimmed and Al-killed steels with varying Al
content ( 0.022 %-0.068 %). All these steels were finished at a temperature above
850 °C and coiled below 600 °C in the hot strip mill, then cold reduced 67 % and
annealed for 4 hours at 710 °C. These results indicated that increasing the heating
rate resulted in a small decrease in r- value of the rimmed steel; The r-values of the
Al-killed steels also generally decreased with increased heating rate, but the decreases
were not linear, and for steels with greater than 0.027 % Al, a discontinuity or peak
in the relationship between r-value and heating rate was observed. This peak was
never higher than the value obtained at the slowest rate studied (i.e the lowest rate
studied was associated with the highest r-value ), and shifted to higher rates as Al
content increased.
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Fig 5.5 Effect of heating rate on r-value at holding time 4, 6, 8 hours.
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Fig 5.6 Effect o f heating rate on r-value for heating times of
680 °C.

10, 12, 14, 16 hours at
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Figures 5.7 - 5.13 show the effect of holding time at 680 °C on mechanical properties,
drawability and grain size. These result indicate that increasing the holding time
decreases tensile strength, yield strength and hardness, but increases elongation, grain
size, and the r- values. Tensile strength and hardness value obtained from laboratory
experiments were lower than for the production steels, but the trends of the curves are
similar. The curve of yield strength from the production samples was sharper than for
laboratory samples, but both showed a decrease in the yield strength with time.
Holding times that produced the coarsest grain sizes, also resulted in lowest yield
strength, tensile strength and hardness. Increasing the holding time, increased the r
and n values, but the curves were not linear, with peaks being obtained at 4, 6 and 8
hours for heating rates of 12 °C/h, 24 °C/h and 36 °C/h, respectively. However, the r
and n values for 24 °C/h and 36 °C/h were lower than those obtained at the heating
rate of 12 °C/h. This lowest heating rate studied was associated with highest r and n
value. Figures 5.11 and 5.12 show there was no essential effect of holding on r and n
value from the actual production samples. The difference in the laboratory and
production results is caused by difference in equipment and other practice factors. For
example, the production

scale treatment in a batch annealing furnace has many

variables: coil stacking practice, furnace temperature, maximum permitted top outer
edge temperature and annealing equipment ( direct fired vs radiant- tube furnaces, fan
size, convector p lates).
The annealing cycles and practices are compromise, in that the furnace temperature,
firing time and permitted top outer temperatures are specified to sufficiently anneal
the most difficult part of the coil to heat, the cold spot, which in current practice is
approximately one third of the way into the bottom or middle coil from the eye of the
coil. Time at temperature during box annealing is considerably less important than
maximum temperature attained. The difference in the laboratory and production
results is also caused by extension in temper pass mill. Extension in temper pass mill,
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is used in production scale, but not for laboratory scale. Temper pass is the term
applied to the final processing of the cold rolled strip to impart the correct roughness
of surface and to strain sufficiently to suppress the yield point for the elimination of
stretcher strains during forming treatment of steel, so that the the materials continue
to stretch evenly up to the yield strength ( Fig 5.14 ). An investigation by Rai et al
(29) indicated that increasing the holding time and holding temperature resulted in a
decrease in tensile strength of cold rolled rimmed steel sheet. Pakkala and coworkers
(30) reported that very litle improvement in properties is obtained by holding at
subcritical temperatures for periods longer than 10 hours or in many instances beyond
5 hours. Furthermore, when annealing at 732 °C ( slightly above the A l ), no
improvement is obtained from using time in excess of one hour. Pakkala et al (30)
studied the effect of annealing temperature and time on two nominally 0.040 inch
thick rimmed steels of similar composition and processing ( nominal 60 % cold
reduction ), except for coiling temperature. The results were generally representative
of the trends expected for rimmed steel, i.e. the as-annealed hardness, yield, tensile
strength and yield point elongation generally decreased as annealing temperature and
annealing time are increased. Also, as would be expected, grain size increased with
increases of these variables. Elongation values unexpectedly showed little change
with a variation of only 3 % and no consistent trend with the variables studied. The
inconsistent relationship between elongation and the annealing variables may be
related to local variations in composition and local variations in microcleanliness.
Selected data from a study by Schwer et al(31) of the effects of annealing temperature
on the as-annealed properties of low carbon rimmed steels ( nominally containing 0.07
% C, 0.44 % Mn, 0.008 % P, 0.025 % S, 0.008 % Si, 0.02 % Cu, 0.01 % Ni and
0.004 % N.)

indicated similar trends to those of Pakkala et al (30).

In addition,

Schwer et al (31), showed an increase in the r- value and the n-value, associated with
increasing annealing temperature. It should be noted that significant undesirable grain
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coarsening resulted from annealing these steels at 690 °C and higher, however, in as
much

the annealing was conducted in stagnant air in a welded box, this grain

coarsening could have been due in part to partial decarburisation. In this study, slow
heating and cooling rates were used. Espey (32) reported the results of his work with
an 88 % cold reduction ( 0.0098 inch-thick black plate ) steel containing 0.09 % C,
0.45 % Mn, 0.007 %P, 0.026 %S, 0.003 %Si, 0.098 % Cu and 0.02 %Mo and related
the mechanical properties to the effective temperature and location within a coil.
Effective temperature is defined by Espey

(32) as the temperature ( with slight

upward variations ) at which the steel is held at 1 for 3 hours. However, these results
probably represent the most complete time/temperature work done on box annealing
and are

useful for predicting trends. Irishman et al (33) conducted an extensive

investigation on the effects of annealing temperature and time on the hardness and
grain size of four low carbon steels

(rimmed, killed steels). Their annealing practice

was to heat at 482 °C/h to 538 °C, then at 10 °C/h from 482 to the annealing
temperature (538 °C), and furnace cooling after a specified hold at the annealing
temperature at a rate that reportedly approximates plant cooling rates. These results
indicate that increasing the holding time and holding temperature resulted in a
decrease of hardness and an increase of grain size. Thesima and Shimizu (34) reported
on the effect of increasing the annealing temperature of rimmed steel ( 0.08 % C, 0.38
% Mn, 0.017 P, 0.015 S and 0.08 % Cu ). They concluded that whereas a
temperature above Acl may be good for drawability, on the basis of conical-cup
values, intercritical annealing may be deleterious to stretchability ( Erichsen value ).
Also, during annealing above the A cl, cementite segregates to grain boundaries, and
during cooling the precipitation of carbon is retarded, resulting in increased aging
tendency due to carbon in solution (34). Matsuda and Nakaoka (6) investigated the
effect of increasing annealing temperature ( and cold reduction ) on the r-value and
grain size of rimmed steel. Their data indicated that r-value is increased by increasing
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the annealing temperature from 700 °C to 800 °C. They further reported an almost
linear relationship between ferrite grain growth and increase in r-value, which they
expressed as :
r

= ro +

k ' 1/2 +

d o '1/2

where :
k = cold reduction kept almost constant at 50-80 % (k<0)
r = final average r-value
ro= average r-value after completion of recrystallization.
d = average diameter (mm) of final ferrite grains
do= average diameter of grains upon completion of recrystallization.

M atsuda and Nakaoka (6) suggested that this relationship is also applicable to low
carbon Al killed steel and extra low carbon Ti steels. Matsuda and Nakaoka (6) in the
previously cited review paper reported the results of H. Takechi on the effects of
increasing annealing temperature on the r-value of rimmed and killed steels. Takechi
concluded that r-values of both rimmed and Al-killed steel increased as the annealing
temperature is increased from about 600 °C-850 °C then decreased significantly when
the annealing temperature was further increased. However, the increase in r-value for
Al-killed steel appeared to be slight from about 732 °C-850 °C. Schwer et al (31)
reported data for four heats of Al-killed steel properly processed on the hot mill and
cold reduced 45 to 50 % before being annealed for 16 hours at temperatures ranging
from 650 °C-746 °C. These results, which are the averages of data obtained for the
four heats, indicated the average change in mechanical properties that can be expected
for Al-killed steel sheet for an increasing annealing temperature. As expected,
hardness, yield and tensile strengths decreased and r, n value, grain size and
elongation increased with an increase in annealing temperature. A study conducted at
the USS Research laboratory (35) was concentrated primarily on the effects of cold

95

reduction, but two annealing practices were included : 6 hours at 677 °C and 16 hours
at 705 °C. The results of this study of sheet cold reduced 50, 60 and 70 %, showed a
modest improvement in hardness, yield and tensile strength elongation, associated
with the higher temperature, longer-time anneal. However, identical r-values and
essentially identical A r -values resulted from both annealing practices. These results
also showed the expected increase in r-value and decrease in

Ar

value with

increasing cold reduction from 50 to 70 %. They did not show any deleterious effect
of increasing cold reduction from 50 to 70 % on hardness, yield strength or tensile
strength. Although the elongation values showed a decrease with increasing cold
reduction, calculations indicate that this decrease is essentially due to the reduced
thickness resulting from increased cold reduction, and is not an effect of cold
reduction. Thesima and Shimizu (34) studied the effect of annealing temperature (690
°C- 750 ° C ) and holding time ( 2 - 1 8 hours ) on Erichsen, conical cup (CCV), and r
value. Their results, which are somewhat different for the two steels studied, generally
showed a slight improvement in r-value with an increase in annealing temperature. For
one steel, the Erichsen value ( stretchability ) decreased with increasing annealing
temperature, whilst for the other there was no consistent effect. Likewise conical-cup
values ( drawability ) improved with increasing temperature for one steel, but
increased annealing temperature showed no consistent effect for other steel.
Increasing of holding time from 2 to 18 hours showed no consistent effect on the
properties. Sardana(36) studied the effect of annealing at 700 °C ( 20 and 30 hours )
vs annealing at 740 °C ( 23 and 30 hours ). The latter temperature was in two-phase
or intercritical region. Sardana's data suggest that whereas yield strength is generally
reduced by increasing annealing temperature and holding time, increasing temperature
is always associated with improvements in elongation and cup test performance. In
general the referenced discussion tends to support the result obtained in the present
work.
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Fig 5.7. Effect of holding time on tensile strength.

Fig 5.8. Effect of holding time on yield strength.
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HOLDINQ TIME AT 680 C (hours)

Fig 5.9. Effect of holding time on hardness.

Fig 5.10. Effect of holding time on elongation.
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HOLDING TIME AT 680 C (hours)

Fig 5.11. Effect of holding time on r-value.

Fig 5.12 . Effect of holding time on n-value.
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HOLDING TIME AT 680 C (hours)

Fig 5. 13. Effect of holding time on grain size.
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Fig 5.14. Effect of extension in temper mill on yield strength.
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C H A PT E R 6 CONCLUSIONS.

1. The

fact

that

annealing

cycle during

a typical laboratory experiment

occurred at lower temperature for a heating rate of 12 °C/h, than for rates of
24 °C/h and 36 °C/h is attributable to the longer time available to initiate
nucléation at the lowest heating rate. However, for all three heating rates, the
aluminium and nitrogen combine to form atmospheres or pre-precipitation
clusters at polygonized subgrain and as rolled boundaries, modifiying the
development of the recrystallized structure. Different amounts of AIN were
precipitated prior to recrystallization for each heating rate resulting in different
final recrystallized grain sizes, mechanical properties and drawabilities. The
heating rate strongly influences recrystallization with a lower heating rate
reducing both the temperature of the start of recrystallization and the
recrystallized grain size. It is inferred that the lower rate promotes nucléation
of recrystallization over growth of recrystallized grains.

2. The effect of annealing

cycle

on microstucture, was such that the

recrystallized grain size was for a heating rate of 12°C/h , 24 °C/h and 36
°C/h relatively constant with holding time at 680°C. Therefore, for all three
heating rates the grain size was relatively constant with increasing time up to
16 hours at a holding temperature 680°C. The observed lack of grain growth
is probably associated with grain boundary retardation by large precipitates of
AIN at prior cold worked boundaries.

IO I

3.

The effect of holding time on drawability indicated the r- value increased
gradually as the temperature increased for heating rate of 12°C/h, and for
isothermal holding at 680°C, the r-value increased for up to 8 hours, after
which it decreased. Likewise, for 24°C/h the r-value increased to a

peak

after 6 hours, and 36°C/h the peak occurred after 4 hours, r- value and nvalue increased with grain size during heating, but for holding at 680°C,
the grain size was relatively constant whereas the r and n values showed
peaks.

4.

The effect of holding time on mechanical properties were : (i) decrease in
tensile strength, yield srength and hardness; (ii) increase in elongation and
grain size. Tensile strength and hardness results from laboratory experiments
were lower than those for production samples, but the trends of curves were
similar. The curve of yield strength from the production samples was sharper
than for the laboratory samples. Holding times that produced the coarsest
grain size also resulted in the lowest yield strength, tensile strength and
hardness.
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